The histone deacetylase (HDAC) inhibitor valproic acid (VPA) was recently shown to inhibit angiogenesis, but displays no toxicity in endothelial cells. Here, we demonstrate that VPA increases extracellular signal-regulated kinase 1/2 (ERK 1/2) phosphorylation in human umbilical vein endothelial cells (HUVEC). The investigation of structurally modified VPA derivatives revealed that the induction of ERK 1/2 phosphorylation is not correlated to HDAC inhibition. PD98059, a pharmacological inhibitor of the mitogenactivated protein kinase kinase 1/2, prevented the VPAinduced ERK 1/2 phosphorylation. In endothelial cells, ERK 1/2 phosphorylation is known to promote cell survival and angiogenesis. Our results showed that VPA-induced ERK 1/2 phosphorylation in turn causes phosphorylation of the antiapoptotic protein Bcl-2 and inhibits serum starvationinduced HUVEC apoptosis and cytochrome c release from the mitochondria. Moreover, the combination of VPA with PD98059 synergistically inhibited angiogenesis in vitro and in vivo.
Introduction
Valproic acid (VPA) is one of the most frequently prescribed antiepileptic drugs 1 and is employed clinically in the treatment of different pathologies including schizophrenia, bipolar disorders, and different forms of headache. [2] [3] [4] VPA is also currently under experimental and clinical investigation as an anticancer drug. 5 The most prominent adverse effects of VPA are teratogenicity and liver toxicity. 6 The teratogenic effects include neuronal tube defects such as exencephaly and spina bifida 7 and malformations of the heart. [8] [9] [10] Recently, VPA was shown to inhibit angiogenesis in vitro and in vivo by decreasing the expression of the endothelial nitric oxide synthase (eNOS) in endothelial cells. 11 Decreased eNOS expression and subsequent angiogenesis inhibition were preceded by the inhibition of histone deacetylases (HDAC). Indeed, a decrease in eNOS levels can be elicited by structurally unrelated HDAC inhibitors (HDACIs). 11, 12 Although the mechanisms of VPA-induced teratogenicity are not yet fully understood, the ability of this substance to inhibit angiogenesis may play a role within this process.
The teratogenic and anticancer effects of VPA have been suggested to be at least in part attributable to HDAC inhibition. [13] [14] [15] HDACIs induce apoptosis in different cell types. 16 VPA induces apoptosis in a limited number of cell types while being nontoxic or even cytoprotective in other cells. 5, [17] [18] [19] In different cells, VPA was shown to stimulate the phosphorylation/activation of the extracellular signal-regulated kinases 1/2 (ERK 1/2, mitogen-activated protein kinase (MAPK)), 15, 20 which play an integral role in cellular survival signalling. 21 Since VPA was shown to inhibit endothelial cell proliferation and tube formation but not to exert cytotoxicity in these cells, 11 we determined the influence of VPA on ERK 1/2 activation and on stress-induced cell death in response to serum starvation. Serum acts as trophic factor for endothelial cells and serum starvation induces endothelial cell apoptosis within 24 h. 22 Since ERK 1/2 activation is commonly involved in endothelial cell angiogenesis, 23 we examined the influence of VPA-induced ERK 1/2 activation on in vitro tube formation and on vessel formation in the chick chorioallantoic membrane (CAM) assay in vivo.
Results

VPA increases ERK 1/2 phosphorylation in endothelial cells
Confluent human umbilical vein endothelial cells (HUVEC) were kept in serum-free medium overnight and then incubated with VPA 1 mM for different times. An increase in the phosphorylation of ERK 1/2 was detected as soon as 5 min after addition of VPA (Figure 1a) . After 120 min ERK 1/2 phosphorylation declined to basal levels (data not shown). In contrast, VPA did not influence phosphorylation of Akt (data not shown), another key player in endothelial cell angiogenesis and survival. 24 ERK 1/2 is commonly phosphorylated by MEK 1/2 21 and the mitogen-activated protein kinase kinase 1/2 (MEK 1/2) inhibitor PD98059 (10 mM) completely blocked VPA-induced ERK 1/2 phosphorylation (Figure 1a) . MEK 1/2 and ERK 1/2 are the two downstream kinases of the 'classical' MAPK pathway Ras/Raf/MEK/ERK. 21, 24 The first step during Ras activation is Ras farnesylation by the farnesyltransferase followed by Ras localisation to the plasma membrane. 25 The farnesyltransferase inhibitor manumycin A inhibits Ras farnesylation and therefore activation. 26 Manumycin A reduced basal ERK 1/2 phosphorylation but did not influence VPA-induced ERK 1/2 phosphorylation (Figure 1b ), indicating that VPA activates MEK 1/2 independently of Ras. Ca 2 þ mobilisation is often involved as an upstream event in ERK 1/2 phosphorylation in endothelial cells. 24 However, VPA did not induce Ca 2 þ mobilisation at concentrations up to 1 mM whereas arachidonic acid (20 mM) and ionomycin (1 mM) evoked a clear elevation of the intracellular Ca 2 þ levels ( Figure 2 ).
To determine whether HDAC inhibition may contribute to VPA-induced ERK 1/2 phosphorylation, two structurally modified VPA derivatives, the enantiomers S-2-pentyl-4-pentynoic acid and R-2-pentyl-4-pentynoic acid were investigated. As shown in Figure 3a , acetylated histone H4 levels in HUVEC increased after treatment with VPA or S-2-pentyl-4-pentynoic acid but not after treatment with R-2-pentyl-4-pentynoic acid. This indicates that VPA and S-2-pentyl-4-pentynoic acid but not R-2-pentyl-4-pentynoic acid inhibit HDAC subtypes that cause histone H4 deacetylation at the concentrations employed. Investigation of the influence of VPA, S-2-pentyl-4-pentynoic acid, or R-2-pentyl-4-pentynoic acid on ERK 1/2 phosphorylation revealed that all VPA inhibits endothelial cell cycle and endothelial cell death VPA had been shown before to inhibit endothelial cell proliferation. 11 Therefore, we investigated the influence of VPA on the cell cycle of HUVEC. Subconfluent HUVEC were maintained for 24 h in serum-and growth factor-free medium prior to incubation of HUVEC in medium containing basic fibroblast growth factor (bFGF) (2.5 ng/ml), foetal calf serum (FCS) (15%), and pooled human serum (5%) with or without the addition of VPA 1 mM for 24 h. Cell cycle analysis of control cells revealed 5273% of cells in G0/G1-phase, 2772% in S-phase, and 1474% in G2/M-phase. Analysis of VPA-treated cells resulted in 6173% of cells in G0/G1-phase, 1673% in S-phase, and 1674% in G2/M-phase, indicating a G1/S-block induced by VPA-treatment.
ERK 1/2 activation is commonly involved in the survival signalling in endothelial cells. 27 Therefore, we investigated the effects of VPA on cell death induced by serum starvation. Confluent HUVEC were incubated for 48 h with Iscove's modified Dulbecco's medium (IMDM) in the absence of FCS, human serum, and bFGF. Determination of viable cells revealed that VPA protected HUVEC from cell death in a concentrationdependent manner (Figure 4a ). The cytoprotective effect was not observed in cells cotreated with the MEK inhibitor PD98059 (Figure 4a ). The VPA derivatives S-2-pentyl-4-pentynoic acid and R-2-pentyl-4-pentynoic acid both protected HUVEC from cell death induced by serum starvation (Figure 4b ). Prevention of ERK 1/2 activation by addition of the MEK inhibitor PD98059 abolished the S-2-pentyl-4-pentynoic acid and R-2-pentyl-4-pentynoic acid-induced cell death inhibition in a similar manner like the VPA-induced cell death (data not shown). In contrast, TSA did not protect HUVEC from cell death. Taken together, these data show that VPA protects HUVEC from cell death by ERK 1/2 phosphorylation independently of HDAC inhibition.
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ac. H4 C T L V P A S -2 -p e n t y l-4 -p e n t y n o ic a c id R -2 -p e n t y l-4 -p e n t y n o ic a c id C T L V P A S -2 -p e n t y l-4 -p e n t y n o ic a c id R -2 -p e n t y l-4 -p e n t y n o ic a c id PD98059 abolished the VPA-induced apoptosis inhibition. Detection of activated caspase 3 revealed similar results (data not shown). HDACIs are known to induce apoptosis in different cell types. 17 Therefore, we investigated if ERK activation is sufficient to inhibit apoptosis induced by serum starvation and the HDACI TSA, that does not induce ERK 1/2 phosphorylation. HUVEC were transfected with constitutively active ERK 2 ( Figure 6a ) and kept in serum-and growth factor-free medium for 48 h with and without the addition of TSA 200 ng/ml. Apoptotic cells were detected by annexin V staining. Transfection with constitutively active ERK 2 significantly reduced the number of apoptotic cells with and without TSA 200 ng/ml treatment (Figure 6b) .
In HUVEC, ERK 1/2 phosphorylate the antiapoptotic protein Bcl-2, which in turn inhibits the ubiquitinylation of Bcl-2.
29 VPA 1 mM stimulated the phosphorylation of Bcl-2 as soon as 5 min after VPA addition, which was abolished by the MEK inhibitor PD98059 (Figure 7a ). Since Bcl-2 inhibits cytochrome c release from the mitochondria, the influence of VPA on cytochrome c release was detected by flow cytometry. Cytochrome c release was significantly reduced by VPA 1 mM and PD98059 prevented VPA-induced inhibition of cytochrome c release (Figure 7b ). 
VPA-induced angiogenesis inhibition is synergistically enhanced by MEK inhibition
VPA is known to inhibit angiogenesis. 11 However, the phosphorylation of ERK 1/2 in endothelial cells is generally thought to be a proangiogenic event. 27 Therefore, we determined whether or not inhibition of VPA-induced ERK 1/2 phosphorylation by PD98059 may influence the antiangiogenic effects of VPA. An in vitro tube formation assay showed a synergistic inhibition of HUVEC tube formation in the samples treated with a combination of VPA with PD98059 ( Figure 8) .
Additionally, the combination of VPA 1 mM and PD98059 10 mM inhibited vessel formation in the CAM assay in vivo also more effectively as compared to either single treatment. Representative photographs are shown in Figure 9 .
Discussion
In this report, VPA was shown to induce ERK 1/2 phosphorylation in endothelial cells. VPA was used in concentrations r1 mM, which is in the range of therapeutical achievable plasma concentrations. 9 As such our observations are in accordance with previous reports showing VPA-induced ERK 1/2 phosphorylation in cells of animal origin including normal rat neuronal cells, Wistar rat thyroid cells, and the mouse neuroblastoma cell line Neuro2A as well as in human cancer cell lines including the human erythroleukaemia cell line K562 and the human neuroblastoma cell line SH-SY5Y. 15, 20 Here, we show the induction of ERK 1/2 phosphorylation by VPA in a nonmalignant human cell. VPA-induced ERK 1/2 phosphorylation was inhibited by the MEK inhibitor PD98059, indicating that VPA-induced ERK 1/2 phosphorylation is mediated via MEK. MEK and ERK are commonly involved in the 'classical' MAPK cascade Ras/Raf/MEK/ERK. 21 However, inhibition of Ras activation by the farnesyltransferase inhibitor manumycin A did not inhibit VPA-induced ERK 1/2 phosphorylation demonstrating that VPA does not induce ERK 1/2 phosphorylation by this signalling pathway. Although an increase of intracellular Ca 2 þ levels is a common upstream event of MAP kinase phosphorylation, 24 VPA did not influence intracellular Ca 2 þ levels. Of interest, the long-chain fatty acid arachidonic acid, which activates ERK 1/2 in various cell types, 30 caused significant Ca 2 þ mobilisation. Hence, VPA-induced ERK 1/2 phosphorylation is independent of Ca 2 þ -signalling. A possible alternative route leading to ERK 1/2 phosphorylation without contribution of Ras or Ca 2 þ signalling may involve the small GTPases Rap1 and B-Raf, which in turn stimulate MEK. 31 The contribution of HDAC inhibition to the VPA-induced ERK 1/2 phosphorylation was studied by the use of the enantiomers of the VPA derivative 2-pentyl-4-pentynoic acid. Our results showed that S-2-pentyl-4-pentynoic acid caused an increase in the amount of acetylated histone H4 in the tested concentrations of up to 1 mM in endothelial cells, whereas the R-enantiomer did not. Both enantiomers induced ERK 1/2 phosphorylation, while the HDACI TSA did not influence ERK 1/2 phosphorylation. To date, 17 HDACs are known. 17 Although it is not known which HDAC subtypes are inhibited by VPA, its derivatives, or TSA, and which HDAC subtypes are involved in histone H4 acetylation, the present data suggest that ERK 1/2 phosphorylation is likely to be induced by a mechanism independently of HDAC inhibition. Figure 9 Representative photographs showing vessel formation in the CAM incubated from day 9 to 13 without (control) or with valproic acid (VPA) (1 mM), PD98059 (10 mM), or VPA (1 mM) plus PD98059 (10 mM) (n ¼ 10)
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The finding that ERK 1/2 phosphorylation and HDAC inhibition may be unrelated events in endothelial cells are in concordance with previous results, where VPA was found to induce ERK 1/2 phosphorylation in Wistar rat thyroid cells independently of HDAC inhibition. 15 In the same report, sodium butyrate, another HDAC inhibiting short-chain fatty acid, was found not to induce ERK 1/2 phosphorylation. 15 ERK 1/2 phosphorylation was shown to be an integral part of survival pathways in endothelial cells. 23 Therefore, we examined if VPA influences endothelial cell survival under stress conditions established by serum starvation. VPA prevented endothelial cells from serum starvation-induced cell death. Inhibition of ERK 1/2 phosphorylation by the MEK inhibitor PD98059 abrogated VPA-induced protective effects. Moreover, both VPA derivatives, S-2-pentyl-4-pentynoic acid, and R-2-pentyl-4-pentynoic acid inhibited cell death induced by serum starvation. In contrast, TSA did not protect endothelial cells. Together, these data indicate that VPA inhibits endothelial cell death by induction of ERK 1/2 phosphorylation probably independently of HDAC inhibition. Determination of apoptotic cells after serum starvation revealed that VPA inhibits endothelial cell death by inhibition of apoptosis. Transfection of endothelial cells with constitutively active ERK 2 inhibited apoptosis induced by TSA under serum starvation conditions. This indicates that ERK activation is sufficient to protect endothelial cells from apoptosis induced by serum starvation and HDAC inhibition. In endothelial cells, ERK 1/2 phosphorylates the antiapoptotic protein Bcl-2 and phosphorylation prevents Bcl-2 from ubiquitinylation. 29 Therefore, we investigated the influence of VPA on Bcl-2 phosphorylation. VPA 1 mM induced Bcl-2 phosphorylation, which was reversed by the MEK inhibitor PD98059. This shows that VPA increases Bcl-2 phosphorylation via ERK 1/2 phosphorylation. Bcl-2 is involved in the stabilisation of the mitochondrial membrane thereby preventing cytochrome c release from the mitochondria and in turn apoptosis. 32 In concordance, VPA inhibited cytochrome c release in endothelial cells in response to serum starvation, which again was reversed by PD98059. This shows that VPA decreases endothelial cell apoptosis by inhibition of mitochondrial cytochrome c release and that Bcl-2 phosphorylation may contribute to the stabilisation of the mitochondrial membranes.
A very recent report demonstrated that VPA increased the number of human haematopoietic stem cells in G0/G1-phase and inhibited apoptosis in human haematopoietic stem cells. 33 In concordance, VPA was previously found to inhibit endothelial cell proliferation 11 and we found here an increased number of endothelial cells in G0/G1-phase after VPA treatment. Taken these findings together with the ability of VPA to inhibit endothelial cell apoptosis, effects of VPA on cell cycle and apoptosis are similar to those observed in haematopoietic stem cells.
In addition to endothelial cell survival, ERK 1/2 phosphorylation is regarded to be a proangiogenic event. 23 Therefore, inhibition of ERK 1/2 phosphorylation should favour the antiangiogenic effects of VPA. In concordance, in vitro endothelial cell tube formation and vessel formation in the CAM assay were synergistically inhibited by the combination of VPA plus the MEK inhibitor PD98059. Therefore, the influence of VPA on angiogenesis appears to be mediated by two competing pathways. On the one hand, VPA like other HDACIs causes a decrease of cellular eNOS levels in endothelial cells. 11, 12 On the other hand, VPA induces HDAC-independent ERK 1/2 phosphorylation, which in principle is a proangiogenic event. Inhibition of ERK 1/2 phosphorylation abrogates the proangiogenic signalling pathway thereby synergistically enhancing the antiangiogenic activity of VPA.
In conclusion, we show that VPA induces ERK 1/2 phosphorylation in endothelial cells thereby protecting endothelial cells from stress-induced apoptosis. In concordance with the fact that ERK 1/2 phosphorylation in endothelial cells represents a proangiogenic event, inhibition of VPA-induced ERK 1/2 phosphorylation synergistically enhances the antiangiogenic activity of VPA. Since small-molecule inhibitors of MEK have entered clinical trials as anticancer agents, 27 this finding may help to design more effective antiangiogenic treatment strategies. Moreover, these results show that VPA, a clinically very well-established drug whose therapeutic use is still increasing since it is becoming the first choice treatment for bipolar disorder worldwide, 34 substantially influences signal transduction and function of the endothelium.
Materials and Methods
Materials
VPA was obtained from Sigma (Taufkirchen, Germany). PD98059, manumycin A, and trichostatin A were purchased from Calbiochem (Darmstadt, Germany). The VPA derivatives S-2-pentyl-4-pentynoic acid and R-2-pentyl-4-pentynoic acid were synthesised according to the methods described before. 6, 35, 36 Standard GC-MS purity analysis procedures demonstrate a chemical purity of the derivatives Z98%, and after suitable derivatisation an enantiomeric purity of Z95% enantiomeric access of the chiral compounds. All VPA derivatives used in the in vitro experiments were dissolved in dimethylsulphoxide (DMSO) to give stock solutions of 1 M.
Cells
HUVEC were cultivated as described. 11 Cells were seeded onto Matrigel (BD Biosciences, Heidelberg, Germany; diluted 1 : 80 in culture medium)-coated culture flasks and grown in IMDM (Sigma, Taufkirchen, Germany) supplemented with 15% FCS, 5% pooled human serum (Blood Bank of The German Red Cross, Frankfurt am Main, Germany), 100 IU/ml penicillin, 100 mg/ml streptomycin, and 2.5 ng/ml bFGF.
Apoptosis assay
Apoptotic cells were detected as described previously 37 using a commercial kit (R&D Systems, Wiesbaden, Germany) following the manufacturer's instructions by flow cytometry (FacsCalibur, BD Biosciences, Heidelberg, Germany). The assay is based on the detection of apoptotic cells using fluoresceinisothiocyanate-conjugated annexin V. Phosphatidylserine is exposed on the outer leaflet of the cytoplasm membrane early during apoptosis. Annexin V binds specifically to phosphatidylserine indicating apoptotic cells.
In addition, active caspase 3 was detected by flow cytometry using an antiactive caspase 3 antibody (BD Biosciences, Heidelberg, Germany) following the manufacturer's instructions.
Cell cycle analysis
Cell cycle was determined using a commercial kit (BD Biosciences, Heidelberg, Germany) following the manufacturer's instructions as described previously. 37 The assay is based on simultaneous detection of incorporated bromodeoxyuridine in the DNA of dividing cells and the determination of the amount of cellular DNA by staining with 7-aminoactinomycin. This combination allows to characterise cells that actively synthesise DNA depending on their position in the cell cycle (i.e. G0/G1, S, or G2/M phases) by flow cytometry.
Cytochrome c release
The cytochrome c release in apoptotic cells was detected as described by Waterhouse and Trapani. 38 Cells were harvested, washed with cold PBS, pelleted, and permeabilised (50 ng/ml digitonin in PBS) so that cytochrome c released from the mitochondria in apoptotic cells could be washed away. Upon fixation with 4% formaldehyde, cells were incubated for 1 h at room temperature with blocking buffer (0.05% saponin, 3% BSA in PBS), followed by incubation overnight at 41C with primary anticytochrome c antibody (6H2.B4, BD Pharmingen, Heidelberg, Germany). After incubation with secondary FITC-labelled anti-mouse antibody for 40 min on ice, the percentage of nonapoptotic cells containing mitochondrial cytochrome c was quantified.
Immunoblotting
Cells were lysed in Triton X sample buffer and separated by SDS-PAGE, as described previously. 11 Proteins were detected using specific antibodies against b-actin (Sigma, Taufkirchen, Germany), acetylated histone H4 (Upstate Biotechnology, Lake Placid, NY, USA), ERK 1/2 or the phosphorylated forms of ERK 1/2 (each from New England Biolabs, Frankfurt am Main, Germany), or c-Myc (Santa Cruz, Heidelberg, Germany) and were visualised by enhanced chemiluminescence using a commercially available kit (Amersham, Germany).
Measurement of intracellular Ca 2 þ levels
The determination of intracellular Ca 2 þ levels was performed as described previously. 39 In brief, HUVEC were incubated with 2 mM Fura-2/AM for 30 min at 371C in PGC buffer (PBS containing 1 mg/ml glucose and 1 mM CaCl 2 ). After washing, cells were transferred into a thermally controlled (371C) fluorimeter cuvette in a spectrofluorometer (Aminco-Bowman series 2, Thermo Spectronic, Rochester, NY, USA) with continuous stirring. The fluorescence emission at 510 nm was measured after excitation at 340 and 380 nm, respectively. Intracellular Ca 2 þ levels were calculated according to the method of Grynkiewicz et al., 40 whereas F max (maximal fluorescence) was obtained by lysing the cells with 0.5% Triton-X 100 and F min by chelating Ca 2 þ with 10 mM EDTA.
Plasmids and Transfection
The c-Myc-tagged constitutively active ERK 2 expression plasmid was kindly provided by Professor Stefanie Dimmeler (Frankfurt, Germany). Plasmids included LacZ (pcDNA3.1 Myc-LacZ) as a control and constitutively active ERK (pcDNA3.1 Myc-D321N ERK2sem). HUVEC (60-70% confluent) were transfected using the SuperFect reagent (Quiagen, Hilden, Germany). Cells were incubated with the DNASuperFect complexes at 371C for 4 h followed by recovery in the presence of 4% FCS. Transfection efficiency was about 30% as determined using green fluorescent protein and maximal levels of protein expression were observed between 24 and 48 h.
In vitro tube formation assay
Endothelial cell tube formation was assessed as described. 11 Briefly, 96-well plates were coated with cold Matrigel (50 ml/well), which was allowed to polymerise at room temperature for about 30 min. Thereafter, 100 ml of a suspension of HUVEC (5 Â 10 4 cells/ml) were seeded onto the Matrigel and cultured overnight in IMDM, supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin, and 5% (v/v) FCS. Tube formation was assessed after 12 h and quantified by determining the mean number of branching points in at least three different wells.
Chick chorioallantoic membrane assay
All experiments with chick embryos were carried out in vivo as described.
11
A window (7-10 mm in diameter) was cut into the egg shell of 3-day-old embryos, resealed with transparent film and incubated for further 5 days. For the CAM assay, solutions of the substances were mixed with an 1% methylcellulose solution. Aliquots (10 ml) of the resulting 0.5% methylcellulose solution were pipetted onto bacteriological-grade Petri dishes, airdried for 1 h and the resulting discs were placed onto the 9-day-old CAMs. Two to three discs were placed on each CAM about 10 mm apart. Control discs contained the appropriate solvent. Evaluation of the CAMs was performed 4 days after the application of the disc. To better visualise the vascular system of the CAM, 20% Luconyl Black (BASF, Ludwigshafen, Germany) in PBS was injected into a vitelline vein using glass capillaries. Photographs were taken using a Nikon SMZ1000 stereomicroscope.
Statistics
Results are the mean7S.D. of at least three experiments. Comparisons between two groups were performed using Student's t-test, three and more groups were compared by ANOVA followed by the StudentNewman-Keuls test. P-values lower than 0.05 were considered to be significant.
